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ABSTRACT
Context. The recent unexpected detection of terrestrial complex organic molecules in the cold (∼ 10 K) gas has cast doubts on the
commonly accepted formation mechanisms of these species. Standard gas-phase mechanisms are inefficient and tend to underproduce
these molecules, and many of the key reactions involved are unconstrained. Grain-surface mechanisms, which were presented as a
viable alternative, suffer from the fact that they rely on grain surface diffusion of heavy radicals, which is not possible thermally at
very low temperatures.
Aims. One of the simplest terrestrial complex organic molecules, methanol is believed to form on cold grain surfaces following from
successive H atom additions on CO. Unlike heavier species, H atoms are very mobile on grain surfaces even at 10 K. Intermediate
species involved in grain surface methanol formation by CO hydrogenation are the radicals HCO and CH3O, as well as the stable
species formaldehyde H2CO. These radicals are thought to be precursors of complex organic molecules on grain surfaces.
Methods. We present new observations of the HCO and CH3O radicals in a sample of prestellar cores and carry out an analysis of
the abundances of the species HCO, H2CO, CH3O, and CH3OH, which represent the various stages of grain-surface hydrogenation
of CO to CH3OH.
Results. The abundance ratios between the various intermediate species in the hydrogenation reaction of CO on grains are similar in
all sources of our sample, HCO : H2CO : CH3O : CH3OH ∼ 10 : 100 : 1 : 100. We argue that these ratios may not be representative of
the primordial abundances on the grains but, rather, suggest that the radicals HCO and CH3O are gas-phase products of the precursors
H2CO and CH3OH, respectively. Various gas-phase pathways are considered, including neutral-neutral and ion-molecule reactions,
and simple estimates of HCO and CH3O abundances are compared to the observations. Critical reaction rate constants, branching
ratios, and intermediate species are finally identified.
Key words. astrochemistry – ISM: molecules – ISM: abundances
1. Introduction
Complex organic molecules (hereafter COMs) have long been
detected in the interstellar medium (Gottlieb 1973; Brown et al.
1975; Tucker et al. 1974; Avery et al. 1976) and are known
to present a wide variety of species from insaturated car-
bon chains like C4H or cyanopolyynes to (more) saturated,
terrestrial-like O- or N- bearing molecules, such as methyl for-
mate (CH3OCHO) or acetonitrile (CH3CN). If carbon chain
molecules were readily found in dark clouds, and their abun-
dances reasonably accounted for by cold gas-phase chemistry
(see Loison et al. 2014, for a recent review), terrestrial COMs
have until recently been thought to be characteristic of hot cores
or hot corinos, where they were found to be abundant using both
single-dish and interferometric observations (van Dishoeck et al.
1995; Cazaux et al. 2003; Bottinelli et al. 2004).
For these COMs, the most favoured formation mecha-
nism involve the freezing out of simple atoms and simple
molecules like CO onto the dust grains during the prestellar
phase, where they can be hydrogenated. After the protostar
forms and starts heating up its surroundings, the radicals on
⋆ Based on observations carried out with the IRAM 30m telescope.
IRAM is supported by INSU/CNRS (France), MPG (Germany), and
IGN (Spain)
the grain mantles, which were either created by UV irradiation
of the ices (Garrod & Herbst 2006) or trapped in grain mantles
(Taquet et al. 2012), start diffusing on the surface at a tempera-
ture of about 30 K. Upon reaction, these radicals can form more
complex molecules like methyl formate or dimethyl ether. The
synthesised molecules are then thermally evaporated at higher
temperatures.
Pure gas-phase formation mechanisms involving the re-
actions of protonated methanol or protonated formalde-
hyde with neutrals followed by dissociative recombinations
(Charnley et al. 1992) have been shown to lead to COM abun-
dances that are several orders of magnitude lower than those ob-
served, because the formation of complex molecular ions is not
energetically favourable (Horn et al. 2004), and dissociative re-
combinations favour the channels disrupting the molecular ions
into small fragments (see Geppert et al. 2006, in the case of
methanol). The detections of saturated COMs in a prestellar core
at 10 K by Bacmann et al. (2012) or in the cold source B1-b by
Cernicharo et al. (2012) have, however, cast doubt on grain sur-
face mechanisms, since the temperature is not high enough to
provide radicals with the necessary amount of energy to diffuse
on the grains.
A possible source of energy within prestellar cores could
be cosmic rays, either directly or indirectly with secondary
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UV photons, but these remain widely unconstrained, and it is
also unclear whether such mechanisms would produce COM
amounts consistent with those observed in the gas-phase. Re-
cently, Vasyunin & Herbst (2013) and Balucani et al. (2015)
have proposed new gas-phase mechanisms based in particular
on radiative association reactions, which are able to account
for several COM abundances in prestellar cores (though not
for e.g. methyl formate). Alternatively, Ruaud et al. (2015) stud-
ied the possibility that COMs form on grain surfaces follow-
ing the direct chemical reaction of carbon atoms with the ice
mantle constituents. However promising, those models rely on
poorly constrained physical mechanisms (e.g. chemical desorp-
tion: Garrod et al. 2007) and reactions where the rates are very
uncertain and should be measured in the laboratory for confir-
mation. The question of the formation mechanism of COMs at
very cold temperatures remains debated and unsettled.
Methanol is one of the simplest terrestrial COMs seen in the
interstellar medium. It is widely detected in cold dark clouds
and prestellar cores (Friberg et al. 1988; Tafalla et al. 2006),
and its formation mechanism is better constrained than that
of larger COMs because more experimental data are available.
Gas-phase chemistry is believed to be inefficient at forming
CH3OH (Garrod et al. 2006; Geppert et al. 2006) and to under-
estimate observed methanol abundances of 10−9 by several or-
ders of magnitude. These estimates rely partly on the value of the
branching ratios of the dissociative recombination of protonated
methanol, which was measured experimentally by Geppert et al.
(2006) and yields only 3% for CH3OH+2 + e− → CH3OH. Grain-
surface reactions, on the other hand, provide an alternative
way to form methanol in the cold interstellar medium, since
CO can be successively hydrogenated on the grains following
CO → HCO → H2CO → CH3O → CH3OH (e.g. Brown et al.
1988).
Laboratory experiments carried out at 10 K have confirmed
the possibility of synthesising methanol on grain surfaces by in-
jecting H atoms towards a cold CO surface (Watanabe & Kouchi
2002). According to Watanabe & Kouchi (2002) this mechanism
is efficient, and as much as 10% of the CO could be converted
to CH3OH. The products of this reaction are assumed to be des-
orbed back to the gas phase by cosmic ray impact or irradia-
tion by secondary UV photons in regions where the temperature
is not high enough to warrant evaporation of methanol ices (at
∼ 100 K). The process of methanol formation by multiple hy-
drogenation of CO is most efficient in very cold gas (10-15 K)
because higher temperatures mean that H atoms will not remain
on grain surfaces, and CO molecules will also return to the gas
phase above 20−30 K. Therefore, it is presently thought that the
methanol seen in the hot cores of young low-mass stars has its
origin in the prestellar stage.
Intermediate products in this process like HCO and CH3O
are of particular interest, since they are believed to be the pre-
cursors of saturated COMs in the kind of scenario proposed by
Garrod & Herbst (2006), for example. Though the formyl radi-
cal HCO was detected nearly 40 years ago (Snyder et al. 1976),
observations in the cold gas are still scarce. Mostly, HCO has
been detected in moderate density or photon-dominated regions.
Gerin et al. (2009) observed HCO in the PDR of the Horse-
head and also at one position in the dense core adjacent to
the PDR. Frau et al. (2012) also observed a series of cold star-
less cores in the Pipe nebula. HCO is seen towards the cores
with modest column densities (N ∼ 1022 cm−2) but not in the
denser (probably prestellar) deuterated cores. The methoxy rad-
ical CH3O was only detected recently towards the cold cloud
B1-b (Cernicharo et al. 2012), and is so far the only detection of
this species in the interstellar medium.
Here, we present observations of the formyl and methoxy
radicals, as well as methanol in a sample of prestellar cores,
which we supplement with H2CO data from the literature in
order to study the intermediate steps towards the formation of
CH3OH by successive hydrogenation of CO molecules on cold
grain surfaces. The paper is organised as follows. In section 2,
we describe the observations, and in section 3 we derive the
HCO, CH3O, and CH3OH abundances. In section 4, we discuss
chemical routes to form HCO and CH3O, both grain-surface and
gas phase, and propose a likely mechanism for their formation
in the cold dense gas. Finally, we conclude in section 5.
2. Observations
Our sample is made up of eight sources: L1689B, L1495A-
S, L429, L1709A, TMC2, L1521E, L1512, and L1517B. They
were chosen in order to sample different star forming regions,
and physical and chemical properties. The source properties and
coordinates are summed up in Table 1. The sources were ob-
served at the peak of their millimetre continuum emission with
the IRAM 30 m telescope, Pico Veleta, Spain, during various ob-
serving runs between January 2003 and May 2014 as described
below.
HCO and CH3O were simultaneously observed at 86.7 GHz
and 82.4 GHz, respectively, with the EMIR090 receiver con-
nected to a Fourier Transform Spectrometer (FTS) at the spec-
tral resolution of 50 kHz (corresponding to a velocity resolution
of ∼ 0.18 km/s) in January 2012 for L1689B and June 2012 for
the other sources. Several methanol transitions were observed
between 2011 and 2014 with the EMIR090 receiver between 80
and 110 GHz and with the EMIR150 receiver between 143.3 and
145.15 GHz, with the 50 kHz FTS as backend. The complete list
of transitions is given in Table 2. Since the spectrometer has a
large instantaneous bandwidth (a total of 8 GHz can be covered
non-contiguously in both polarisations in one frequency setting),
many methanol transitions can be observed simultaneously. Nev-
ertheless, only transitions with upper-level energies lower than
∼ 40 K were considered, since higher energy transitions of this
molecule are not excited at the low temperatures (around 10 K)
prevailing in the sources. Similarly, methanol transitions with
Einstein coefficients lower than typically 10−7 s−1 are intrinsi-
cally very weak. They are not detected in our sources so we do
not analyse them in this study. Velocity resolutions ranged from
∼ 0.18 km/s towards 80 GHz to about 0.10 km/s at 145 GHz.
All data were taken in the frequency-switching mode with a
frequency throw of 7.5 MHz to reduce standing waves. During
the observations, the weather conditions were good with system
temperatures close to 150 K at 3 mm and 250 K at 2 mm for the
low declination sources and 80 K at 3 mm and 150 K at 2 mm
for Taurus sources. Pointing was checked about every 1.5 hrs on
nearby quasars and found to be accurate within 3–4′′at 3 mm
and 2-3′′at 2 mm. The beam sizes vary from 16′′at 145 GHz to
26′′at 96 GHz and 29′′at 85 GHz. The forward efficiencies were
ηfwd=0.95 at 3 mm and ηfwd=0.93 at 2 mm. Beam efficiencies
ηbeam were taken to be 0.81 at 85 GHz, 0.80 at 95 GHz, 0.79 at
105 GHz, and 0.74 at 145 GHz. The data were converted from
the antenna temperature T ∗a to the main beam temperature scale
Tmb using the values of the efficiencies given above.
Previous CH3OH observations were taken with the ABCD
receivers at the IRAM 30 m telescope in January and May 2003
for the sources L1689B, L1709A, and L429. As backend, we
used the autocorrelator VESPA with a frequency resolution of
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Table 1. Observed sources and their properties. The densities are taken from the references in Col. 6.
Source name R.A. Dec nc(H2) Region References
L1689B 16:34:48.30 −24:38:04.0 2 105 Ophiuchus (1)
L1495A-S 04:18:39.90 +28:23:16.0 4 105 Taurus (2)
L1709A 16:32:45.60 −23:52:38.0 105 Ophiuchus (5)
L429 18:17:05.60 −08:13:30.0 6 105 Aquila (5)
TMC2 04:32:45.50 +24:25:08.0 2 104 Taurus (2)
L1521E 04:29:14.9 +26:13:57.0 3 105 Taurus (2) & (4)
L1512 05:04:08.6 +32:43:25.0 8 104 Taurus (2)
L1517B 04:55:18.3 +30:37:50.0 2 105 Taurus (3)
Notes. References (1): Roy et al. (2014); (2) Brady Ford & Shirley (2011); (3) Tafalla et al. (2004); (4) Tafalla & Santiago (2004); (5)
Bacmann et al. (2002)
40 kHz at 3 mm and 2 mm, and 80 kHz at 1 mm, corresponding
to velocity resolutions of 0.12 km/s–0.08 km/s depending on fre-
quency. These data were taken in the position-switching mode
with an off position free of methanol emission. The targeted tran-
sitions are also listed in Table 2. The main beam efficiencies were
0.76, 0.69, 0.67, 0.57, and 0.46 at 96 GHz, 145 GHz, 157 GHz,
206 GHz, and 254 GHz, respectively, while forward efficiencies
were 0.95 at 96 GHz, 0.93 at 145 and 157 GHz, 0.91 at 206 GHz,
and 0.88 at 254 GHz. As with the newer observations described
above, the spectra were converted to the main beam temperature
scale Tmb using these values. During these observing runs, point-
ing was checked every 1.5–2 hours and was found to be accurate
to within 3–4′′. The beam sizes were 12′′and 10′′at 206 GHz
and 254 GHz, respectively (and the same as given above at the
lower frequencies). The H2CO observations used in this study
for the sources L1689B, L429, and L1709A were taken from
Bacmann et al. (2003), and those for L1517B are taken from
Tafalla et al. (2006).
The frequencies, upper-level energies and degeneracies, and
Einstein coefficients of the observed molecular transitions are
listed in Table 2). Both the methoxy radical and methanol have
A- and E- type states, which were considered as separate species
(though only E-CH3O was observed). Deep integrations were
performed around 82-86 GHz, since CH3O lines are weak with
rms noise down to 2-6 mK for most sources. For higher fre-
quency observations targeting the much stronger methanol lines,
rms noise is in the range of 30-60 mK.
Observations were reduced using the IRAM
GILDAS/CLASS software1, which consisted in coadding
the spectra and folding them in order to deconvolve them from
the frequency-switching procedure. A low order (typically 3)
polynomial was then fitted over line-free regions to correct for
baseline oscillations. The resulting spectra were then converted
from the T ∗A to the Tmb scale using the values of the efficiencies
given above. The lines were fitted with a Gaussian from which
the peak temperatures, linewidths, and velocity-integrated line
intensities were derived. The error on the integrated intensities
was taken to be the quadratic sum of the statistic error and a
calibration error, estimated to be 10% at 3 mm, 15% and 2 mm,
and 20% at 1 mm. For non-detections, a 3σ upper limit defined
as 3σrms
√
∆v∆V is given, where ∆v is the linewidth, ∆V the
velocity resolution, and σrms the rms noise determined from
the baseline fitting. The resulting line parameters are given in
Tables 3, 4, and 5 for HCO, CH3O, and CH3OH, respectively.
For some sources, methanol was observed at two different
epochs, and where observations are duplicate, we chose to use
1 http://www.iram.fr/IRAMFR/GILDAS
Fig. 1. HCO spectra in L1689B. The vertical dashed lines indicate the
positions of the HCO transitions.
Fig. 2. CH3O spectra in L1689B. The vertical dashed lines indicate the
positions of the CH3O transitions.
the newer observations in order to have a main body of observa-
tions coming from the same receivers. The older observations
are only used when no other observation is available. We did
check, however, that new and old observations were consistent
within the uncertainties. Spectra of HCO, CH3O, and CH3OH
in L1689B are shown in Figs. 1, 2, and 3, respectively.
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Table 2. Molecular transitions observed, with their frequencies, upper-level energies Eup, upper-level degeneracy gup , Einstein spontaneous
emission coefficient Aul. Quantum numbers are NKaKc J F for HCO, JK for CH3OH, and NK ;Λ; J; F for CH3O. HCO (Saito 1972) and CH3O
(Endo et al. 1984) data are taken from the JPL spectroscopic database (Pickett et al. 1998). Data for CH3OH are from the CDMS catalogue
(Müller et al. 2001; Müller et al. 2005) and were originally determined by Xu & Lovas (1997) and Müller et al. (2004)
Molecule Transition Frequency (MHz) Eup (K) gup Aul (s−1) Notes
HCO 101 3/2, 2 – 000 1/2, 1 86670.76 4.2 5 4.69 10−6 (1)
HCO 101 3/2, 1 – 000 1/2, 0 86708.36 4.2 3 4.60 10−6 (1)
HCO 101 3/2, 1 – 000 1/2, 1 86777.46 4.2 3 4.61 10−6 (1)
HCO 101 1/2, 0 – 000 1/2, 1 86805.78 4.2 1 4.71 10−6 (1)
CH3O E 10 -1 3/2, 1 – 00 1 3/2 , 1 82341.515 4.0 3 3.255 10−6 (1)
CH3O E 2−1 -1 3/2, 1 – 11 -1 1/2, 0 82367.891 17.4 3 6.60 10−6 (1)
CH3O E 21 -1 3/2, 1 – 1−1 -1 1/2, 0 82370.263 17.4 3 6.50 10−6 (1)
CH3O E 2−1 -1 3/2, 2 – 11 -1 1/2, 1 82398.376 17.4 5 9.75 10−6 (1)
CH3O E 21 -1 3/2, 2 – 1−1 -1 1/2, 1 82398.879 17.4 5 9.75 10−6 (1)
CH3O E 21 -1 3/2, 1 – 1−1 -1 1/2, 1 82409.609 17.4 3 3.251 10−5 (1)
CH3O E 2−1 1 3/2, 1 – 11 -1 1/2, 1 82416.751 17.4 3 3.251 10−6 (1)
CH3O E 10 1 3/2, 1 – 00 -1 1/2, 0 82455.980 4.0 3 6.521 10−6 (1)
CH3O E 10 -1 3/2, 2 – 00 -1 1/2, 1 82458.252 4.0 5 9.781 10−6 (1)
CH3O E 10 -1 3/2, 2 – 00 1 1/2, 1 82471.825 4.0 5 9.783 10−6 (1)
CH3O E 10 -1 3/2,1 – 00 1 1/2, 0 82524.180 4.0 3 6.526 10−6 (1)
CH3O E 10 1 3/2, 1 – 00 -1 1/2, 1 82545.726 4.0 3 3.264 10−6 (1)
CH3OH E 5−1 – 40 84521.169 40.4 11 1.97 10−6 (2)
CH3OH A+ 21 – 11 95914.309 21.5 5 2.494 10−6 (3)
CH3OH E 2−1 – 1−1 96739.362 12.5 5 2.557 10−6 (3), (4)
CH3OH A+ 20 – 10 96741.375 7.0 5 3.408 10−6 (3), (4)
CH3OH E 20 – 10 96744.550 20.1 5 3.408 10−6 (3), (4)
CH3OH E 21 – 11 96755.511 28.0 5 2.624 10−6 (3), (4)
CH3OH A− 21 – 11 97582.804 21.6 5 2.627 10−5 (5)
CH3OH A+ 31 – 40 107013.803 28.4 7 6.131 10−6 (2)
CH3OH E 00 – 1−1 108893.963 13.1 1 1.470 10−5 (1)
CH3OH A+ 31 – 21 143865.797 28.4 7 1.069 10−5 (1)
CH3OH E 30 – 20 145093.707 27.1 7 1.232 10−5 (4), (5), (7)
CH3OH E 3−1 – 2−1 145097.370 19.5 7 1.095 10−5 (4), (5), (7)
CH3OH A+ 30 – 20 145103.152 13.9 7 1.232 10−5 (4), (5), (7)
CH3OH E 32 – 22 145126.190 36.2 7 6.767 10−6 (4), (5), (7)
CH3OH E 3−2 – 2−2 145126.392 39.9 7 6.855 10−6 (4), (5), (7)
CH3OH E 31 – 21 145131.855 35.0 7 1.124 10−5 (4), (5), (7)
CH3OH A− 31 – 21 146368.344 28.6 7 1.126 10−5 (7)
CH3OH A+ 21 – 30 156602.413 21.5 5 1.785 10−5 (6)
CH3OH E 40 – 4−1 157246.056 36.4 9 2.098 10−5 (4), (6), (7)
CH3OH E 10 – 1−1 157270.851 15.5 3 2.205 10−5 (4), (6), (7)
CH3OH E 30 – 3−1 157272.369 27.1 7 2.146 10−5 (4), (6), (7)
CH3OH E 20 – 2−1 157276.058 20.1 5 2.182 10−5 (4), (6), (7)
CH3OH A+ 11 – 20 205791.270 16.8 3 3.362 10−5 (4)
CH3OH E 20 – 1−1 254015.340 20.1 5 1.902 10−5 (4)
CH3OH E 21 – 10 261805.710 28.0 5 5.572 10−5 (4)
Notes. (1) Observations of all sources carried out in 2012; (2) Observations of L1689B carried out in 2012; (3) Observations of all sources except
L429 and L1709A carried out in 2011-2012; (4) Observations of L1689B, L1709A and L429 carried out in 2003; (5) Observations of all sources
except L1689B carried out in 2012; (6) Observations of L1512, L1517B and L1521E carried out in 2012; (7) Observations of L1689B carried out
in 2013 and 2014.
3. Results
3.1. HCO and CH3O
The formyl radical was detected in all sources, showing it
is ubiquitous towards cold starless cores (Table 3). The non-
detection of HCO in L183 by Schenewerk et al. (1988) can be
explained by the lack of sensitivity of their observations, since
in our weakest sources, HCO lines are at 25-30 mK, consistent
with their upper limits. The methoxy radical, on the other hand,
is detected in only four out of eight sources (Table 4), but its lines
are much weaker (typically a factor of 10 less than HCO lines),
and it is likely that it is present in all the sources of our sample.
There are no available collisional rates of HCO and CH3O
with H2 or He, therefore we had to rely on an LTE-based
approach to determine the column densities and abundances of
these species, assuming a single excitation temperature Tex for
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Fig. 3. CH3OH spectra in L1689B. The vertical dashed lines indicate the positions of the CH3OH transitions. Channels appearing as absorption
features arising from the frequency-switching observing procedure were blanked for clarity.
all transitions. This approximation is likely to hold since i) the
hyperfine transitions belong to the same rotational transition
and ii) opacities are low (see Faure & Lique 2012). In this
approximation, supposing Gaussian profiles, the integrated line
intensity W is given by
W = (Jν(Tex) − Jν(TCMB))(1 − e−τ0 ) dυ 1/2
√
π/ ln(2)
where TCMB is the cosmic microwave background temper-
ature, τ0 the line centre opacity, dυ the linewidth, and Jν
refers to the radiation temperature at frequency ν defined by
Jν(T ) = hν/k (exp(hν/kT ) − 1)−1. The line centre opacity is
τ0 = 2
√
ln(2)/π N/dυ c3/(8πν3)gupAul/Qparte−Eu/kTex (e−hν/kTex−1)
with N the total molecular column density, c the light velocity,
gup the upper level energy, Aul the Einstein spontaneous emis-
sion coefficient, ν the frequency of the transition, and Qpart the
partition function derived at temperature Tex.
With the above formulae, grids of integrated intensities were
calculated for a range of values in Tex and N. For each value
of [Tex, N], a χ2 was derived to assess the distance between the
modelled and the observed integrated line intensities. The χ2 iso-
contours were plotted as a function of Tex and N, 1−σ contours
corresponding to χ2
min + 2.3, as appropriate for a two-parameter
model (Avni (1976). The χ2 was also minimised for fixed values
of the excitation temperature (4, 6, and 8 K), as explained below.
3.1.1. HCO
Our data do not enable us to determine the excitation temper-
ature, because any excitation temperature above 3.5 K would
yield a fit within the 1-σ contours; however, the plots show that
for values of Tex higher than typically 4 K, the column density
does not change significantly. For Tex lower than ∼ 4 K, the col-
umn densities cannot be determined with accuracy, because they
increase quickly with small decreases in Tex, since the opacities
of the lines will increase. Gerin et al. (2009) determine an ex-
citation temperature of 5 K towards the PDR of the Horsehead
and assume the same Tex for their dense core position. Generally
the derived χ2 values at fixed temperatures tend to favour exci-
tation temperatures of 4 K over 6 or 8 K (except for L1521E and
L1517B), but most of the time the difference is small. The χ2
minimised over the whole parameter space was obtained for Tex
values close to 4 K (except for L1517B and L1521E for which it
was 7-8 K) and even as low as 3 K for L429, TMC 2 and L1512,
but as before, models with other values of Tex were not signif-
icantly worse. Because of the impossibility of determining the
excitation temperature, we chose here to determine the column
densities at Tex = 4 K for all sources (Table 6). If the actual Tex
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is above 4 K, this will not change the column density values very
much. We cannot, however, completely exclude Tex values be-
tween 3 and 4 K because such values have already been observed
in other species (Padovani et al. 2011; Hily-Blant et al. 2013).
Should the excitation temperatures actually be below 4 K, the
column densities would be higher than those quoted in Table 6.
Rates for collisional excitation, as well as higher upper energy
level transitions, would help lift the degeneracy between Tex and
the column density. The column densities derived span a range of
7.1 1011 cm−2 to 1.3 1013 cm−2, i.e. a factor of nearly 20. This
encompasses the value derived by Gerin et al. (2009) towards
their dense core source and that of Cernicharo et al. (2012) to-
wards B1-b.
3.1.2. CH3O
For CH3O, the situation is similar to HCO: determining the ex-
citation temperature is not possible for most sources. Above 4 K,
the column density does not depend on Tex, but below 4 K, small
variations in Tex lead to large uncertainties on the column densi-
ties. For L1495A-S and TMC 2, only two lines of E-CH3O were
detected, and it is possible to find a model that reproduces the in-
tegrated line intensities for any assumed excitation temperature
between 3 K and 9 K. In L1689B, on the other hand, we detected
eight E-CH3O lines that belong to two groups of hyperfine tran-
sitions with different upper level energies (Table 2), which en-
ables us to constrain the excitation better. The best-fitting model
is obtained for Tex = 8 K, with the best model for Tex = 6 K
being clearly worse (despite the best fitting column density be-
ing similar). For this reason, we chose to determine the column
densities for Tex = 8 K in all sources. This value of the excita-
tion temperature is close to the value of Tex = 10 ± 3 K derived
by Cernicharo et al. (2012) from their data. The CH3O column
densities are given in Table 7. Since only E-type CH3O was ob-
served, we assumed an A/E CH3O ratio of 1.25 to derive the
total (A+E) CH3O column density. This corresponds to the ratio
of the partition functions of both subspecies at a temperature of
10 K (close to the cores kinetic temperatures), which is expected
to be the abundance ratio of the molecules if they equilibrated on
grain surfaces and preserved their A/E ratio after evaporating. In
the high temperature limit, the ratio of the partition functions is
equal to 1. Upper limits at 3σ in the sources where CH3O was
not detected were also calculated for Tex = 8 K. As for HCO,
the column density values will be higher if the line excitation
temperature is lower than 4 K.
The column density values range from ∼ 5 1011 cm−2 to 1.2
1012 cm−2, although the 3σ upper limits for L1517B, L1512,
and L1521E indicate column densities lower than 2 1011 cm−2.
This is also consistent with the CH3O column density derived by
Cernicharo et al. (2012) towards B1-b.
3.2. CH3OH
Methanol was detected in all sources. Like for the previously dis-
cussed species, HCO and CH3O, the lines in L1689B are by far
the strongest of the sources in the sample. Line strengths (and de-
tection rates) varied widely across the source sample with L1512
and L1517B showing only a few weak lines, despite the rms sen-
sitivity being similar as in most other sources. The ρ Oph sources
and L429 (in Aquila) have larger linewidths (∆v ∼ 0.45 km s−1)
than the Taurus sources, for which ∆v ∼ 0.35 km s−1. This is
generally attributed to a more turbulent environment in ρ Oph.
Between 6 and 19 transitions were detected both in A- and in E-
CH3OH depending on the source (Table 5).
Line parameters (linewidth, integrated line intensity, peak
line intensity) are given in Table 5. Interestingly, the A-CH3OH
line at 107.013 GHz is seen in absorption against the cosmic mi-
crowave background. This is similar to the absorption seen at cm
wavelengths in H2CO (Palmer et al. 1969; Townes & Cheung
1969) or in SO2 (Cernicharo 2012). In CH3OH, the absorp-
tion occurs at relatively high densities (a few 105 cm−3) and
brings strong constraints on the physical conditions prevailing
in prestellar cores. We postpone the discussion of this aspect to
a future paper.
The column densities for CH3OH were determined using the
RADEX radiative transfer code (van der Tak et al. 2007) using
the large velocity gradient (LVG) approximation. The rate co-
efficients for collisional excitation of CH3OH with H2 used in
our LVG calculation were computed by Rabli & Flower (2010).
Only collisions with para-H2 were considered in our calcula-
tion because ortho-H2 represents at most 0.1-1% of the total
H2 in prestellar cores, where the gas temperature is around
10 K (Faure et al. 2013; Pagani et al. 2009; Dislaire et al. 2012).
We did, however, check that adding 1% of ortho-H2 does not
change the outcome of our calculation. No a priori A-CH3OH/E-
CH3OH was assumed, and A- and E-type CH3OH were treated
as two distinct species. As methanol is likely formed for the most
part on grain surfaces (Geppert et al. 2006), the A-CH3OH/E-
CH3OH ratio is expected to be equal to the ratio of the partition
functions, i.e. 1.4 at 10 K, and decreasing towards 1 with increas-
ing temperature.
For each source, we calculated line intensities for ranges of
values in column density, temperature, and H2 density. The LVG
code requires the linewidth as an input parameter, which was
taken for each source as an average value of the detected lines
(typically around 0.35 km/s for the Taurus sources and 0.45 km/s
for the Rho Oph sources, see above). The linewidth, however,
only has very little effect on the output integrated line intensi-
ties. The column densities were varied typically from 1013 cm−2
to 2.5 1014 cm−2 in steps of 1013 cm−2 (or from 1012 cm−2 to
2 1013 cm−2 in steps of 1012 cm−2 for L1512 and L1517B which
have lower CH3OH column densities), the temperatures from
6 K to 14 K in steps of 0.5 K and the densities from 104 cm−3
to 106 cm−3 in steps of 104 cm−3. Finer grids in column density
were used around the value best reproducing the observations, or
the grids were extended when the solution was close to or at the
boundary of the parameter space. The A- and E-type methanols
were assumed to be coexistent; i.e., the models for A-CH3OH
and E-CH3OH were calculated assuming the same density and
temperature (but different column densities in A-CH3OH and E-
CH3OH). Under this hypothesis, the χ2 values of the model are
calculated by summing over all detected methanol lines, i.e.
χ2(NA, NE , n, Tk) =
∑
i
(Wobsi −Wcalci (Ne, n, Tk))2
(σobsi )2
+
∑
j
(Wobsj −Wcalcj (Na, n, Tk))2
(σobsj )2
where the index i refers to the E-CH3OH lines and the index j
to the A-CH3OH lines, Wobs and σobs are, respectively, the ob-
served integrated intensity of the considered line and the 1-σ
error on this value (Table 5), and Wcalc is the integrated intensity
calculated by the LVG model.
The E-CH3OH transition at 108.895 GHz was consistently
poorly fitted by the models. In fact, the collisional rate for this
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line turns out to be set to zero, as is the case for a few transitions
in the coupled states approximation used by Rabli & Flower
(2010) in their calculations. We therefore chose to exclude the
line of E-CH3OH at 108.894 GHz in deriving the χ2 of the model
because its excitation might not be calculated well by the LVG
code.
Some transitions (e.g. the lines at 157.271 GHz and
254.015 GHz) are also not very well reproduced by the model
in most of the sources. The simplicity of our model (single-
density and single-temperature) probably accounts for the dis-
crepancy between the observed and calculated integrated inten-
sities for these lines. However, that our model systematically
under-reproduces the intensities of these lines, which are mostly
excited at high densities, is an indication that there is some
methanol emission arising from higher density regions than that
of our simple model.
The parameters minimising the χ2 and the derived CH3OH
column densities are listed in Table 8. This should yield the
model that reproduces the observations best. The 1-σ confidence
intervals on these parameters were determined from the range
of model parameters verifying χ2 = χ2
min + 3.5 (Avni 1976), as
suited for a three-parameter model. The 1-σ uncertainties are
given in Table 9.
The total CH3OH column densities span about a factor of 10
from 1013 cm−2 in the weakest Taurus sources to 1.3 1014 cm−2 in
L1689B. Other measurements of methanol abundances in dark
cores (Friberg et al. 1988; Guzmán et al. 2013; Bizzocchi et al.
2014) yielded column densities close to 2 1013 cm−2, which is
within the range we derived, although most of our values are
higher. One source of the sample, L1517B, was already ob-
served in CH3OH by Tafalla et al. (2006), whose model is con-
sistent with a column density of 4 1012 cm−2, when our value
is nearly three times more. The presence of such a large dis-
crepancy between our column density and that of Tafalla et al.
(2006) is not completely clear. Our spectra of the lines at 96.739,
96.741, 145.097, and 145.103 GHz, which were taken at the con-
tinuum peak of the source, present different intensities to those
of Tafalla et al. (2006), which were averaged from several spec-
tra in a 20′′ radius around that peak. Whereas we estimate the
column density at one position, Tafalla et al. (2006) assume an
H2 density profile to fit an abundance to their methanol maps
data, and it is unclear how this assumption will affect their total
column density. Nevertheless, an important aspect in our study is
that we proceed similarly and consistently for all of our sources
and that all the species were observed at the same position for
each source, to allow us to compare the various relative abun-
dances. We therefore keep our value for the methanol column
density in L1517B.
The A/E ratios are between 1 and 1.5, with most of them
around 1.2, except for L1495A-S, where it is lower than 1 (0.7).
It should be noted that this is consistent with grain surface for-
mation and nuclear-spin equilibration at temperatures around
10 K. For L1495A-S, a ratio of 1 is still within the uncertain-
ties. The densities optimizing the fit are above 105 cm−3 (see Ta-
ble 10), which is similar to values usually derived at the cen-
tres of prestellar cores, and this would tend to indicate that some
methanol emission arises from the central parts of the cores. This
is a little surprising, because methanol, like most other C-bearing
species, is expected to be depleted at the core centres, so that
the emission should come from less dense regions (Vastel et al.
2014). Most of our density values have large uncertainties, but
except for TMC 2 and L1517B, those uncertainties point towards
higher values of the densities. Density estimates from the liter-
ature come from modelling of dust continuum emission and re-
lies on assumptions on the dust emission coefficients that are still
poorly constrained, so that these values are also uncertain by a
factor of at least 2–3. Given these facts, the densities found here
are generally in agreement with the central densities quoted in
the literature for those cores, i.e. 2 105 in L1517B (Tafalla et al.
2006), 2.7 105cm−3 in L1521E (Tafalla & Santiago 2004), 3 105
in TMC 2, 1.5 105 in L1689B, and 6 105 in L429 (Crapsi et al.
2005). The gas kinetic temperature values from our model are
below 10 K (Table 8), which is consistent with the emission com-
ing from the denser parts of the cores. Some values are very low
(6 K), but because of the high uncertainties, this result might not
be meaningful. Padovani et al. (2011), however, do not exclude
such very low temperatures in TMC 2 and L1521E. Extreme cau-
tion should be taken interpreting densities from LVG modelling
because they will be dependent on the transitions used and their
critical densities. Indeed, the various transitions probed can arise
from regions of different densities (and temperatures), which is
not taken into account by uniform LVG models, so that the densi-
ties yielding the best fit in an LVG model should rather represent
an average density in the source. A non-local radiative transfer
calculation should be performed to determine the spatial origin
of the emission, which, however, requires having a map of the
source in several transitions and a source model. Such an analy-
sis is beyond the scope of the current paper.
Our modelling also enables us to determine the opacities of
the CH3OH lines. The transitions at 96.739, 96.741, 145.103,
157.271, and 157.276 GHz are often (moderately) optically
thick, with opacities between one and two for the most optically
thick ones, so that care should be taken when deriving column
densities using only (some of) these lines.
Table 6. HCO column densities for Tex = 4 K with 1-σ error bars.
Source N(HCO) N(HCO) min N(HCO) max χ2
min(cm−2) (cm−2) (cm−2)
L1689B 1.3 1013 1.2 1013 1.4 1013 0.05
L1495A-S 7.0 1012 6.4 1012 7.7 1012 1.6
L429 3.0 1012 2.7 1012 3.3 1012 7.0
L1709A 5.5 1012 5.0 1012 5.9 1012 1.2
TMC2 2.3 1012 2.1 1012 2.6 1012 8.3
L1517B 7.1 1011 6.1 1011 8.0 1011 1.6
L1512 9.6 1011 8.5 1011 1.1 1012 1.9
L1521E 2.0 1012 1.7 1012 2.2 1012 6.2
Table 7. CH3O (A+E) column densities for Tex = 8 K. Upper limits are
3-σ.
Source N(CH3O) N(CH3O) min N(CH3O) max χ2min(cm−2) (cm−2) (cm−2)
L1689B 1.2 1012 1.1 1012 1.3 1012 6.2
L1495A-S 8.6 1011 7.2 1011 1.0 1012 0.04
L429 < 3.4 1011 – – –
L1709A 5.2 1011 4.3 1011 6.1 1011 8.1
TMC2 5.6 1011 3.8 1011 7.4 1011 0.2
L1517B < 1.9 1011 – – –
L1512 < 2.0 1011 – – –
L1521E < 2.0 1011 – – –
Article number, page 7 of 20
A&A proofs: manuscript no. 26198
Table 3. Line parameters for HCO. The line intensity Tmb, the linewidth ∆v, and the integrated intensity were determined from Gaussian fits to the
line. The error is the quadratic sum of the statistical fit error and a calibration error taken as 10% at 3 mm.
Source Frequency rms Tmb ∆v Integrated intensity Error on int. intensity
MHz mK mK km s−1 K km s−1 K km s−1
L1689B 86670.76 2.6 545 0.50 0.290 0.029
86708.36 2.4 360 0.51 0.196 0.020
86777.46 2.2 360 0.50 0.192 0.019
86805.78 2.1 145 0.48 0.073 0.008
L1709A 86670.76 3.7 265 0.50 0.141 0.014
86708.36 2.8 170 0.55 0.100 0.010
86777.46 3.1 165 0.51 0.089 0.009
86805.78 3.3 55 0.52 0.031 0.004
L429 86670.76 4.6 140 0.50 0.075 0.008
86708.36 4.1 100 0.65 0.069 0.007
86777.46 4.8 95 0.51 0.050 0.006
86805.78 4.9 35 0.46 0.018 0.003
L1495A-S 86670.76 4.5 350 0.37 0.155 0.016
86708.36 5.5 230 0.47 0.123 0.013
86777.46 4.7 235 0.40 0.110 0.011
86805.78 4.6 95 0.37 0.041 0.004
TMC2 86670.76 5.6 155 0.38 0.063 0.007
86708.36 5.6 100 0.55 0.057 0.006
86777.46 5.1 90 0.37 0.035 0.004
86805.78 5.3 35 0.35 0.013 0.002
L1521E 86670.76 3.7 120 0.46 0.059 0.006
86708.36 3.4 285 0.50 0.151 0.015
86777.46 3.1 75 0.50 0.039 0.004
86805.78 2.9 20 0.41 0.009 0.002
L1512 86670.76 4.7 70 0.36 0.026 0.003
86708.36 4.4 40 0.48 0.020 0.003
86777.46 4.1 50 0.31 0.016 0.002
86805.78 4.6 − − < 0.003 −
L1517B 86670.76 4.2 55 0.41 0.024 0.003
86708.36 4.6 25 0.38 0.011 0.002
86777.46 4.0 30 0.35 0.012 0.002
86805.78 4.8 − − < 0.004 −
Notes. The HCO line at 86708.36 MHz in L1521E is blended with the J : 15 − 14 C3S line at 86708.38 MHz, which explains that for this source,
the relative intensities of the HCO lines deviate strongly from the statistical 5:3:3:1 ratios expected in the optically thin case. The 86708.36 MHz
line was therefore excluded from the fit in L1521E.
4. Discussion
In each source, the linewidths of the different species are very
similar so that they are most probably coexistent. The abun-
dances of H2CO, CH3O and CH3OH with respect to HCO are
reported in Table 10. In the table we chose HCO as the refer-
ence because it was observed and detected in all sources. The
H2CO data come from the literature, but only half of the sources
in our sample have been observed in this species. The H2CO col-
umn densities for L1689B, L429, and L1709A are 1.3 1014 cm−2,
2.8 1013 cm−2, and 5.6 1013 cm−2, respectively (Bacmann et al.
2003). For L1517B, the column density was integrated from the
H2CO radial abundance profile described in Tafalla et al. (2006),
and found to be 5.2 1012 cm−2.
While the column densities in the species vary by over an
order of magnitude between the different sources, their ratios
show relatively little variations. Indeed, we find that within
a factor of 2, the HCO:H2CO:CH3O:CH3OH ratios are close
to 10:100:1:100. For H2CO, the comparison between L1689B,
L429, and L1709A, on the one hand, and L1517B, on the
other, should be made cautiously since the column densities
have been determined with different methods. Besides this, the
lines observed in L1517B have very high optical depths and are
self-absorbed, and no optically thin isotope was observed. This
H2CO column density value could therefore be underestimated.
The result that HCO is about ten times more abundant than
CH3O seems robust2, and the upper limits derived in the sources
where CH3O was not detected are also consistent with this num-
ber, although they may not be stringent enough. TMC 2 has a
higher CH3O relative abundance than the other sources, but its
detection is marginal since the strongest lines are only at the 3-σ
level. Similarly, CH3OH is 10 to 25 times more abundant than
HCO and the H2CO abundances are of the same order of magni-
tude as in CH3OH. The latter is consistent with previous results
obtained by Guzmán et al. (2013), who found a H2CO/CH3OH
ratio of 0.9 at the dense core position in the Horsehead nebula.
Available chemical models have difficulty accounting for
our observational results. The model recently proposed by
Vasyunin & Herbst (2013) shows the abundances of complex or-
2 Cernicharo et al. (2012) find [HCO]/[CH3O]≈ 4 in B1-b, but they
have assumed an excitation temperature of 10 K for HCO, which leads
to lower column densities than the excitation temperature of 4 K that we
have derived.
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ganic molecules, as well as CH3O, CH3OH, and H2CO. The
abundances of H2CO and CH3OH are similar only towards
steady state, at which times the CH3OH/CH3O abundance ra-
tio is ∼ 30, slightly lower (a factor of ∼ 3) than our observa-
tions. In the model, CH3O is over an order of magnitude more
abundant than molecules like CH3CHO or CH3OCHO, whereas
in L1689B CH3O is observed to be an order of magnitude less
abundant than these species (Bacmann et al. 2012). In the model
of Balucani et al. (2015), the CH3OH/CH3O abundance ratio is
close to our observed values for ages of at most a few 105 years.
This is unlikely to be the age of all cores in our sample, as the
lifetime of cores is estimated to be around 106 years (André et al.
2014). At average core ages, the model predicts no detectable
amount of methanol in the gas phase.
In the following sections, we explore various chemical routes
to explain the observed HCO:H2CO:CH3O:CH3OH abundance
ratios, focussing on the dominant formation and destruction re-
actions. Square brackets refer to molecular abundances with re-
spect to H2.
Table 10. Abundance ratios with respect to HCO. A dash appears when
there is no available measurement. Upper limits are 3-σ.
Source H2CO/HCO CH3O/HCO CH3OH/HCO
L1689B 10 0.09 9
L1495A-S – 0.12 9
L429 9 < 0.11 26
L1709A 10 0.09 13
TMC 2 – 0.24 18
L1517B 7 < 0.27 15
L1512 – < 0.21 11
L1521E – < 0.10 20
4.1. Grain surface formation route
According to current understanding (Geppert et al. 2006;
Garrod et al. 2006), methanol forms on grain surfaces from
the successive additions of H atoms to CO, following
CO→HCO→H2CO→CH3O→CH3OH. This sequence of
reactions has been studied in the laboratory at 10 K by
Watanabe & Kouchi (2002) and both at 10 K and at 3 K by
Pirim et al. (2010) and Pirim & Krim (2011a). The intermediate
radicals HCO and CH3O are not observed in the experiments
by Watanabe & Kouchi (2002), but they are detected at 10 K
in those by Pirim et al., who co-deposited CO and H in their
study, whereas Watanabe & Kouchi (2002) injected H only af-
ter CO had been already deposited. Pirim & Krim (2011a) have
also shown that in the presence of water, the HCO conversion
into H2CO and that of H2CO into CH3O and CH3OH are en-
hanced. Water thus acts as a catalyst of CO hydrogenation. As a
result, in interstellar grain mantles dominated by water, only the
most stable intermediates H2CO and CH3OH are expected to be
present with significant abundances.
In prestellar cores, at 10 K, the successful grain-surface hy-
drogenation of CO into H2CO and CH3OH will depend on the
competition between H addition on the grains and CO desorp-
tion: if CO can desorb before H accretes on the grain and react
with CO, no CO hydrogenation will take place. The same ap-
plies to the other H2CO and CH3OH precursors, such as HCO
and CH3O. The timescale for hydrogenation on a grain surface
in the dense interstellar medium is very short, since H atoms ph-
ysisorbed on the grains can scan the whole surface many times
before evaporating back into the gas phase (Tielens & Hagen
1982), and it is therefore not a limiting factor for the hydro-
genation of the species on the grains. And typically, one H atom
will arrive on a grain every day. Timescales for desorption for
the methanol precursors either by cosmic ray impacts or by sec-
ondary UV photons are of the order of 104 − 105 years (Tielens
2010; Banerji et al. 2009). This means that the radicals HCO and
CH3O will have ample time to be hydrogenated before they can
be desorbed.
The hydrogenation of the unstable radicals HCO and CH3O
into H2CO and CH3OH, respectively, is believed to take place
quickly, whereas the formation of these radicals from CO
and H2CO has a barrier (about 2500 K and 2200 K, respec-
tively − Garrod et al. 2008; Osamura et al. 2005), according to
both theoretical calculations and experiments (Peters et al. 2013;
Wang et al. 1973)3. It is therefore likely that H atoms arriving on
the grain surface will usually react with HCO or CH3O rather
than with CO or H2CO, leading to the most stable products.
Taking all these arguments into account, it is therefore pos-
sible that the amounts of HCO and CH3O on interstellar grain
surfaces are very small and that the HCO and CH3O seen in the
gas phase is the product of gas-phase processes. We present be-
low possible gas-phase formation routes for HCO and CH3O and
discuss their validity with respect to our observational results. In
the simple chemical modelling presented below, we re-evaluated
the reaction rates for charge-dipole reactions using the "locked
dipole" approximation. The method is described in Appendix A.
The adopted reaction rates are listed in Table 11.
4.2. Neutral-neutral pathways
Recent experimental results by Shannon et al. (2013) show that
neutral-neutral reactions such as CH3OH + OH → CH3O +
H2O accelerate at low temperatures (T = 63 K in their experi-
ment) despite having a barrier. Those results were confirmed and
extended to lower temperatures by Gómez Martín et al. (2014).
Similarly, other neutral-neutral reactions, such as the barrier-
less reaction CH3OH + CN (Sayah et al. 1988), also produce
CH3O. HCO can be formed with the corresponding reactions
involving H2CO instead of CH3OH and also with CH3OH + C
(Shannon et al. 2014). The following reaction may therefore be
considered for the formation of CH3O:
CH3OH + OH
k1−→ CH3O + H2O (1)
and for its destruction
CH3O + HX+
k2−→ CH3OH+ + X (2)
where HX+ stands in fact for any major positive ion which can
easily give a proton (e.g. H+3 ). This reaction has so far not been
considered in any of the public astrochemical networks (KIDA,
UMIST − McElroy et al. 2013). At steady state, the abundance
of CH3O is given by
[CH3O] =
k1[CH3OH][OH]
k2[HX+]
(3)
where the square brackets indicate abundances (with respect to
H2). Assuming a typical abundance of 10−8 for positive ions,
consistent with the ionisation fraction in dark cores (Flower et al.
2005, 2006; Pagani et al. 2009), an average abundance of 8 10−8
3 Recent experiments by Pirim & Krim (2011b) show, however, that
H+CO proceeds with no or a very small barrier at 3 K, so that the issue
is not completely settled.
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for OH (Troland & Crutcher 2008; Crutcher 1979), we find that
[CH3O]= 8 k1/k2[CH3OH]. With the values of the reaction
rates from Table 11, this leads to an abundance of [CH3O] ∼
0.007 [CH3OH], which is slightly lower than but close to what
is measured observationally ([CH3O]= 1/100 [CH3OH]). In
this simple scheme, we also assumed that CH3O is the sole
product of reaction (1), as explained in Shannon et al. (2013).
The OH abundance given here is, however, uncertain as it is
the typical abundance measured from low critical density lines
over a large beam (3 arcminutes for the Arecibo telescope at
1.6 GHz) and may not be representative of what is seen on
smaller scales towards the centres of prestellar cores. Other de-
struction routes, such as the depletion of CH3O on grains, are
not efficient compared with ion-molecule reactions like those
mentioned above. Indeed, depletion rates onto grains are about
kdepl = 3 10−6 cm3s−1 for species with a similar mass to CO
(Hasegawa & Herbst 1993), and grain abundances [g] of the or-
der of 2 10−12 (Li & Goldsmith 2003). The disappearance of
CH3O due to depletion is therefore less efficient than its destruc-
tion by proton donors by a factor:
k2 [HX+]
kdepl [g]
≈ 100.
For HCO formation, the corresponding neutral-neutral route
is
H2CO + OH
k′1−→ HCO + H2O (4)
and for its destruction
HCO + HX+
k′2−→ HCOH+ + X. (5)
The abundance of HCO is therefore [HCO]=8 k′1/k′2 [H2CO].
No measurement of the rate coefficient for reaction (4) ex-
ists at low temperatures, however measurements at 230 K give
k′1 = 10−11 cm3s−1 (Baulch et al. 2005). Using this value, we
derive [HCO]= 1.6 10−3 [H2CO]. This is about two orders of
magnitude less than the value we measure. Again, we have as-
sumed that HCO is the sole product of reaction (4), as suggested
in Baulch et al. (2005).
In our simple model, the abundance ratio [HCO]/[CH3O] is
equal to (k′1/k1) (k2/k′2) [H2CO]/[CH3OH]. This is independent
of any assumption on the OH or proton donor abundance. Com-
pared with our observed ratio, this means that k′1 would have to
be 4 10−10 cm3s−1 at 10 K in order to explain our results. This
value is close to the upper limit for neutral-neutral reactions, but
it cannot be ruled out, since similarly high reaction rate values
between neutrals have been reported at low temperatures in, for
example, Sims et al. (1994).
4.3. Ion-molecule fomation route
Ion-molecule reactions represent an alternative, faster pathway
to form CH3O and HCO. For such a scheme, a possible forma-
tion route to CH3O would be
CH3OH + HX+
r k3−−→ CH3OH+2 + X (6)
followed by the dissociative recombination,
CH3OH+2 + e−
f k4−−→ CH3O + H2, (7)
where, again, HX+ stands for a positive ionic proton donor, like
H+3 . In the present reaction rate databases, reaction (7) was omit-
ted as a production route for CH3O. The destruction route for
CH3O is the same as in the previous section.
We denote k3 and k4 as the destruction rate of the reactants
in reactions (6) and (7), and r and f the branching ratios for the
products CH3OH+2 and CH3O, respectively.
At steady state, the CH3O abundance can be written as
[CH3O] =
f k4[CH3OH+2 ][e−]
k2[HX+]
. (8)
The CH3OH+2 abundance is
[CH3OH+2 ] =
r k3[CH3OH][XH+]
k4[e−]
. (9)
Substituting (9) in (8), we find that, at steady-state,
[CH3O] =
f r k3
k2
[CH3OH]. (10)
According to Geppert et al. (2006), the branching ratio f for
CH3O production from CH3OH+2 dissociative recombination is
about 6%. The value for r derived from the KIDA4 database
(Wakelam et al. 2012) is 25% (assuming HX+ to be mostly H+3 ).
This yields
[CH3O] = 1.2 10−2[CH3OH].
This can account for the CH3O observed in our sources. Follow-
ing equation (9), the abundance of CH3OH+2 is
[CH3OH+2 ] = 1.5 10−3[CH3OH]
where we have made the approximation that [HX+]≈[e−].
Similar reactions can be considered for the formation of
HCO:
H2CO + XH+
k′3−→ H2COH+ + X (11)
H2COH+ + e−
f ′k′4−−→ HCO + H + H, (12)
and again, reaction (5) accounts for the destruction of HCO. As
before, k′4 is the rate at which H2COH+ is destroyed by elec-
trons and f ′ the branching ratio towards the HCO product. Un-
like methanol, the reaction of H2CO with a proton donor such as
H+3 gives H2COH+ as the only product, according to the KIDA
database. The abundance of HCO can be written as
[HCO] = f
′ k′4[H2COH+][e−]
k′2[HX+]
. (13)
In turn, the H2COH+ abundance is
[H2COH+] =
k′3[H2CO][XH+]
k′4[e−]
, (14)
and finally, substituting eq. (14) into eq. (13) the HCO abun-
dance is
[HCO] = f
′ k′3
k′2
[H2CO]. (15)
4 http://kida.obs.u-bordeaux1.fr
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Hamberg et al. (2007) carried out experimental measurements
of the dissociative recombination of protonated formaldehyde
H2COH+. They found that fragment products where the C−O
bond is preserved make up 92% of the total yield of the reaction.
However, they were not able to distinguish between the various
products containing a C−O bond (HCO, CO, or H2CO), so that
the branching ratio they give is only an upper limit for f ′. We
assume f ′=10% for the formation of HCO from the dissociative
recombination of H2COH+.
With this hypothesis and the rate coefficient values from
Table 11, the HCO abundance is
[HCO] = 0.14 [H2CO], (16)
which is close to what is observed in our sources. A gas-phase
route with ion-molecule reactions could therefore produce both
enough HCO and CH3O to account for the observed abun-
dances. In what precedes, we have neglected that protonated
formaldehyde can additionally be formed from the reaction of
methanol with H+3 ; however, given the rate for that reaction
(∼ 6 10−9 cm3s−1), this would increase the abundance by only
50%. The abundance of protonated formaldehyde is then
[H2COH+] = 7 10−3[H2CO] (17)
where we have taken k′4 = 9.9 10
−6 cm3s−1, the value derived at
10 K from Hamberg et al. (2007).
The extreme simplicity of our chemical model, as well as the
uncertainties on the reaction rates (most of which have been cal-
culated at 10 K and not measured) or branching ratios implies
that the abundances we derive should be taken as rough esti-
mates and not as precise values. Moreover, the steady-state hy-
pothesis we have made might not be verified in prestellar cores,
where dynamical and chemical timescales are of the same order
of magnitude.
Time-dependent models with an elaborated network will be
investigated in a future, dedicated study. Still, an interesting test
of this ion-molecule scheme would come from the detection
and abundance measurements of CH3OH+2 and H2COH
+
.
The abundances of these species derived from our model are
1.5 10−3 [CH3OH] and 7 10−3 [H2CO], respectively, which
would be 1.5 10−12 and 7 10−12 for a source like L1689B.
CH3OH+2 has never been detected, since its rotational frequen-
cies have not been determined, but the abundance of H2COH+
was determined by Ohishi et al. (1996) in various types of
sources and found to be around 10−11 in some of them. Though
H2COH+ was looked for in dark clouds, it was not detected by
these authors, and because no upper limits were given in the
article, it is not possible to say whether these non-detections
invalidate our model.
Although neutral-neutral reactions are generally slower than
proton transfer in the gas phase, they can be competitive if
the reactant is very abundant. Therefore, a possible alternative
destruction route for HCO and CH3O is the reaction of these
radicals with H atoms, following
CH3O + H
k5−→ H2CO + H2 (18)
HCO + H
k′5−→ CO + H2. (19)
The only measurements of the rate constants for these
reactions are at 300 K and above (Baulch et al. 2005), and it
is extremely uncertain to extrapolate them at 10 K, since they
could differ by an order of magnitude or more. Bearing this
in mind, we try to estimate in the following the effect of these
reactions. The corresponding abundances of CH3O and HCO
are given by
[CH3O] =
f r k3[CH3OH][HX+]
k5[H]
(20)
[HCO] = f
′k′3[H2CO][HX+]
k′5[H]
. (21)
The atomic H density is typically around nH = 2 − 6 cm−3
independent of the density (Goldsmith & Li 2005), and
the atomic H abundance ([H]=nH/nH2) is therefore be-
tween a few 10−6 and a few 10−5. If the values of the
rate constants at 300 K hold at 10 K (see Table 11),
this would lead to [CH3O] = 2.3 10−7[CH3OH]/[H]
and [HCO] = 4.7 10−7[H2CO]/[H], which is a ratio
[HCO]/[CH3O]= 2 [H2CO]/[CH3OH]∼ 2. This is not con-
sistent with our observations. We note, however, that increasing
k5/k′5 by a factor of 5 would produce the observed ratio.
Similar destruction reactions with other radicals like atomic
oxygen are also possible with similar reaction rates. The abun-
dance of O in prestellar cores is extremely uncertain, but it is
expected drop below 10−6 after 2 105 years (Aikawa et al. 2003)
so that the main neutral-neutral destruction route of HCO and
CH3O should be with H instead. If O were as abundant as H, the
destruction rate of CH3O and HCO by neutrals (assuming these
rates are similar in the case of O and in the case of H) would by
a factor of two higher with respect to a destruction by H alone,
but this would not affect our conclusions.
4.4. Isomerisation of CH3O
The methoxy radical CH3O has a structural isomer, the hydroxy
methyl radical CH2OH, which is more stable by about 42 kJ/mol
(Wang & Bowie 2012). No microwave spectroscopic data are
available in the literature, and as a consequence, the rotational
transitions of CH2OH have never been detected in the interstellar
medium. Shannon et al. (2013) conclude from their experimen-
tal study that CH3O is the dominant product of reaction (1) at
low temperatures. The dissociative recombination of CH3OH+2 ,
on the other hand, leads a priori to both isomers, and the propor-
tion of CH3O with respect to CH2OH has not been determined
experimentally. If this reaction should lead to CH2OH in non-
negligible amounts, the value we took for the branching ratio f
would be overestimated.
Theoretical calculations (Wang & Bowie 2012) predict that
CH3O should isomerise into CH2OH. If this happens on
timescales shorter than chemical timescales in prestellar cores,
the isomerisation would become a major loss channel for CH3O.
Unfortunately, experimental measurements have yielded only
non stringent lower limits constraints on the isomerisation
timescales (e.g. Gutman et al. 1982) of the order of 1s at room
temperature, and indeed no evidence of isomerisation has been
reported from experimental source.
4.5. Protostars
The ion-molecule gas-phase reactions we have considered were
applied to cold medium conditions: values of the rate coeffi-
cients were taken at 10 K, ionisation fraction and dominant ions
are those found in prestellar cores. Available observations of the
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young Class 0 protostar IRAS16293-2422 from the TIMASSS
survey (Caux et al. 2011) show the presence of HCO most prob-
ably originating in much warmer gas than 10 K (as shown by
the HCO linewidths of 2-3 km/s, compared to those of NH
seen in the cold envelope − Bacmann et al. 2010) but CH3O
remains undetected. The integrated line intensities for HCO in
this source are given in Table 12. A similar LTE analysis to
what is described for the prestellar cores gives an HCO col-
umn density of N(HCO) = 1.4 1013 cm−2 for Tex = 40 K
and N(HCO) = 3.6 1013 cm−2 for Tex = 80 K. According to
Loinard et al. (2000), the column density of H2CO in that source
is N(H2CO) = 3.4 1014 cm−2. These measured abundances there-
fore also verify the [H2CO]/[HCO] ratio derived from our ion-
neutral model described above. The methanol column density
in this source is N(CH3OH) = 1016 cm−2 (Parise et al. 2004).
Assuming [CH3O] = 0.01 [CH3OH] gives a column density of
N(CH3O) = 1014 cm−2, and with this assumption, CH3O lines
are expected to be above 100 mK, much higher than the rms
of the TIMASSS spectral survey (6 mK, 13 mK, and 9 mK at
the transition frequencies of methoxy 82.4 GHz, 137.4 GHz, and
247.4 GHz, respectively), independently of the assumed excita-
tion temperature (between 10 K and 80 K). Clearly, the methoxy
abundance in this source has to be much lower. Because of the
uncertainty on the excitation temperature, it is difficult to give
accurate upper limits for the CH3O abundance. For Tex = 40 K,
methoxy should be detected provided the E-CH3O column den-
sity is higher than typically 2 1012 cm−2, and for Tex = 80 K if
N(E − CH3O) is greater than 5 1012 cm−2.
A possibility of reconciling our model with the non-detection
of methoxy in IRAS16293-2422 is to suppose that H2CO and
CH3OH and their daughter molecules HCO and CH3O are
formed in the prestellar phase. In the hot corino, methanol des-
orbs from the grains (increasing its column density by one to
two orders of magnitude), but the gas-phase chemistry is lim-
ited by the short lifetime of the hot core phase, so that the
HCO and CH3O column densities are still similar to what is
measured in the prestellar phase. Indeed, the timescale for the
H+3 chemistry is typically tchem = 1/rk3n(H+3 ), where n(H+3 ) is
the H+3 density. A typical value for k3 is a few 10−9 cm−3s−1
at 100 K for CH3OH + H+3 . If we take n(H+3 ) = 10−2 cm−3, we
find a timescale for ion-molecule chemistry with H+3 of tchem ∼
a few 103 years. This is shorter than the estimated lifetime of
class 0 protostars in the ρ Ophiuchi region of about 45 000
years (Evans et al. 2009), but larger than the estimated age of
the IRAS16293-2422 hot corino (a few hundred years according
to Schöier et al. 2002). These numbers should, however, be taken
with caution because age estimates for hot corinos depend on the
model and have high uncertainties. Incidently, the HCO column
density we measure in the prestellar core L1689B is similar to
the one derived in IRAS16293-2422. A CH3O column density
of ∼ 1012 cm−2 as in L1689B would remain undetected with the
actual sensitivity of the TIMASSS survey in IRAS16293-2422.
It is, however, difficult to be conclusive from the observa-
tions of only one source. Clearly more observations of HCO and
CH3O in the hot cores of low-mass protostars are needed to con-
strain the chemistry of these species in the warm/hot gas.
5. Conclusions
We observed the species HCO, CH3O, and CH3OH in a sam-
ple of eight prestellar cores and considered H2CO data from the
literature. These species are believed to form on the grain sur-
faces by successive hydrogenations of CO. In addition, HCO and
CH3O may play an important role as COM precursors on grain
surfaces. The formyl radical HCO is detected in all sources and
the methoxy radical CH3O in four of them. Since CH3O tran-
sitions are very weak and hard to detect in prestellar cores, it
is likely that CH3O is as ubiquitous as HCO in prestellar cores
but that more sensitive observations would have been needed to
detect it in all sources. The column densities of the observed
species vary by an order of magnitude across the source sam-
ple but their abundance ratios with respect to a common refer-
ence like CH3OH are remarkably similar in all the sources. We
find that the abundance ratios HCO : H2CO : CH3O : CH3OH are
close to 10 : 100 : 1 : 100.
Though it is not possible to completely exclude the possi-
bility that these ratios can be produced by successive hydro-
genations on grain surfaces, the timescales involved for grain
surface accretion and hydrogenation vs. those for desorption do
not favour a surface chemistry origin for HCO and CH3O. Most
probably, in a mixture of CO and water ice, as is probably the
case in these objects, the main product of the CO hydrogena-
tion reaction is H2CO and CH3OH and very little HCO or CH3O
remain on the grains at any given time. We examined possible
gas-phase formation routes for HCO and CH3O, thereby intro-
ducing two new reactions involving CH3O that were omitted
in previous models. Neutral-neutral reactions between CH3OH
and radicals like OH have been shown experimentally to form
CH3O and to be efficient at low temperatures. The CH3O abun-
dance obtained by this process indeed reproduces the observed
[CH3O]/[CH3OH] ratio. On the other hand, the corresponding
reaction between H2CO and a radical like OH needs to be even
faster, with a rate exceeding ∼ 4× 10−10 cm3s−1 at 10 K, in order
to account for the observed [HCO]/[H2CO] abundance ratios.
Ion-molecule offer a more viable alternative: abundant and
reactive ions like H+3 can react with H2CO and CH3OH to form
H2COH+ and CH3OH+2 , respectively. Upon dissociative recom-
bination with electrons, these species form HCO and CH3O to-
gether with other products. Estimated rate coefficients were used
to determine the [CH3O]/[CH3OH] and [HCO]/[H2CO] abun-
dance ratios, together with experimental measurements of the
products’ branching ratios for the dissociative recombination.
We found that the measured [CH3O]/[CH3OH] abundance ratio
can be accounted for well at steady state by this chemical route,
and [HCO]/[H2CO] is also accounted well for by our model,
provided that the branching ratio for HCO in the dissociative
recombination of H2COH+ is close to 10%. Our model also pre-
dicts abundances of H2COH+ and CH3OH+2 , and measuring the
abundances of these species provides an important test of this
reaction pathway. In the case of CH3OH+2 , there is a need to first
determine the frequencies of the transitions in the millimetre do-
main.
If the reactions we have proposed apply, the non-detection of
CH3O in the protostar IRAS16293-2422 implies that the source
is too young for the ion-molecule to have significantly pro-
ceeded. In any case, more observations of CH3O in protostellar
sources are needed.
Our model is based on several critical reactions, which in-
volve key intermediate species, for which there is an urgent need
of experimental measurements, the rates of which have not been
measured experimentally at low temperatures (∼ 10 K), or for
which branching ratios are insufficiently constrained. These re-
actions are listed in Table 11.
Finally, there is a strong need to constrain the gas-phase
abundance of the isomer CH2OH and to this effect, to deter-
mine its microwave spectrum, which is currently lacking. Our
gas-phase scheme is consistent with CH2OH being less abundant
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than CH3O. Should it be much more abundant, other processes
would have to be at work than the gas-phase scheme we propose.
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Table 8. Best-fit CH3OH (A and E) column densities
Source Tk nH2 N(A-CH3OH) N(E-CH3OH) N(CH3OH) reduced χ2min(K) (cm−3) (cm−2) (cm−2) (cm−2)
L1689B 8.5 3.6 105 6.2 1013 5.9 1013 1.2 1014 46.9
L1495A-S 10 5.2 105 2.6 1013 3.5 1013 6.1 1013 6.9
L429 6 5.3 105 4.7 1013 3.0 1013 7.7 1013 9.3
L1709A 8 3.3 105 3.9 1013 3.2 1013 7.1 1013 25.5
TMC2 6 1.7 105 2.2 1013 1.9 1013 4.1 1013 0.2
L1517B 5.5 1.8 105 6.4 1012 5.0 1012 1.1 1013 13.8
L1512 5.5 5.8 105 6.0 1012 4.8 1012 1.1 1013 5.8
L1521E 6 4.8 105 2.2 1013 1.8 1013 4.0 1013 19.9
Table 9. 1-σ uncertainties for CH3OH (A and E) column densities
Source Tk nH2 N(A-CH3OH) N(E-CH3OH) N(CH3OH)
(K) (cm−3) (cm−2) (cm−2) (cm−2)
L1689B 8 – 9 3.1 – 4.1 105 5.5 – 7.4 1013 5.1 – 7.4 1013 1.1 – 1.5 1014
L1495A-S 8 – 13 3.8 – 8.2 105 2.2 – 3.3 1013 2.9 – 4.5 1013 5.2 – 7.8 1013
L429 5.5 – 7.5 3.0 – 9.6 105 2.4 – 20.0 1013 2.1 – 4.5 1013 4.6 – 24 1013
L1709A 7 – 10.5 2.2 – 5.0 105 2.9 – 5.4 1013 2.4 – 4.3 1013 5.4 – 9.5 1013
TMC2 4.5 – 8.5 0.3 – 4.9 105 1.3 – 17 1013 1.2 – 5.2 1013 2.5 – 21 1013
L1517B 4 – 14 0.1 – 7.3 105 4.0 – 15 1012 3.6 – 9.3 1012 0.8 – 2.4 1013
L1512 4 – 7 2.0 – 27 105 4.0 – 15 1012 3.5 – 9.5 1012 0.8 – 2.4 1013
L1521E 4.5 – 8 3.2 – 7.9 105 1.4 – 5.0 1013 1.3 – 3.5 1013 2.8 – 8.5 1013
Table 11. List of reactions and adopted rates at 10 K and adopted branching ratios for reactions with several output channels.
Reaction Rate coefficient (cm3s−1) Branching ratio Reference
CH3OH + OH → CH3O + H2O k1 = 5 10−11 rate at 50 K, Gómez Martín et al. (2014)
CH3OH + H+3 → CH3OH+2 + H2 k3 = 5 10−8 r = 0.25 capture rate at 10 K (Appendix A)
CH3OH+2 + e
− → CH3O + H2 k4 = 6.7 10−6 f = 0.06 rate at 10 K, Geppert et al. (2006)
CH3O + H+3 → products k2 = 6 10−8 capture rate at 10 K (Appendix A)
CH3O + H → products k5 = 3.3 10−11 rate at 300 K, Baulch et al. (2005)
H2CO + OH → HCO + H2O k′1 = 10−11 rate at 230 K, Baulch et al. (2005)
H2CO + H+3 → H2COH+ + H2 k′3 = 7 10−8 capture rate at 10 K (Appendix A)
H2COH+ + e− → HCO + H2 k′4 = 9.9 10−6 f ′ = 0.10 rate at 10 K, Hamberg et al. (2007)
HCO + H+3 → products k′2 = 5 10−8 capture rate at 10 K (Appendix A)
HCO + H → products k′5 = 1.5 10−10 rate at 300 K, Baulch et al. (2005)
Notes. For reactions with several product channels, only the most relevant channel is given in the table, as well as the value of the branching
ratio. The reaction rates listed should be understood as the rates of disappearance of the reactants. The value of the branching ratio f ′ is uncertain,
because the experimental measurement by Hamberg et al. (2007) only constrains it to be below 90%.
Table 12. Line parameters for HCO observations in the protostellar source IRAS16293-2422. The line intensity Tmb, the linewidth ∆v, the inte-
grated intensity were determined from Gaussian fits to the line. The error is the quadratic sum of the statistical fit error and a calibration error taken
as 10% at 3 mm.
Source Frequency rms Tmb ∆v Integrated intensity Error on int. intensity
MHz mK K km s−1 K km s−1 K km s−1
HCO 86670.76 6.2 37 3.0 0.117 0.021
86708.36 6.9 38 2.0 0.081 0.017
86777.46 5.9 − − < 0.029 −
86805.78 5.9 33 1.7 0.059 0.017
Article number, page 14 of 20
A. Bacmann and A. Faure: HCO and CH3O in prestellar cores
Table 4. Line parameters for CH3O. The line intensity Tmb, the linewidth ∆v, the integrated intensity were determined from Gaussian fits to the
line. The error is the quadratic sum of the statistical fit error and a calibration error taken as 10% at 3 mm.
Source Frequency rms Tmb ∆v Integrated intensity Error on int. intensity
MHz mK mK km s−1 K km s−1 K km s−1
L1689B 82341.52 2.7 16 0.42 7.2 10−3 1.3 10−3
82367.89 2.1 − − < 1.9 10−3 −
82370.26 2.4 − − < 2.1 10−3 −
82398.38 2.7 10 0.36 3.7 10−3 1.1 10−3
82398.88 2.6 13 0.49 6.7 10−3 1.3 10−3
82409.61 2.8 − − < 2.5 10−3 −
82416.75 2.5 − − < 2.3 10−3 −
82455.98 2.5 19 0.48 9.6 10−3 1.4 10−3
82458.25 2.7 50 0.48 25.4 10−3 2.8 10−3
82471.83 2.5 45 0.54 26.5 10−3 2.9 10−3
82524.18 2.6 18 0.58 11.1 10−3 1.7 10−3
82545.73 2.3 11 0.50 6.0 10−3 1.2 10−3
L1709A 82341.52 4.3 − − < 3.4 10−3 −
82367.89 3.3 − − < 2.7 10−3 −
82370.26 3.9 − − < 3.2 10−3 −
82398.38 3.8 − − < 3.1 10−3 −
82398.88 3.9 − − < 3.1 10−3 −
82409.61 4.1 − − < 3.3 10−3 −
82416.75 3.8 − − < 3.0 10−3 −
82455.98 4.3 − − < 3.4 10−3 −
82458.25 4.2 19 0.43 8.6 10−3 1.9 10−3
82471.83 4.0 25 0.48 13.9 10−3 2.3 10−3
82524.18 3.6 10 0.48 5.2 10−3 1.7 10−3
82545.73 4.1 13 0.55 6.7 10−3 2.1 10−3
L429 82341.52 9.5 − − < 8.2 10−3 −
82367.89 11.0 − − < 9.6 10−3 −
82370.26 10.5 − − < 9.3 10−3 −
82398.38 9.0 − − < 7.9 10−3 −
82398.88 9.4 − − < 8.2 10−3 −
82409.61 10.5 − − < 9.2 10−3 −
82416.75 9.8 − − < 8.6 10−3 −
82455.98 10.3 − − < 9.2 10−3 −
82458.25 10.8 − − < 9.4 10−3 −
82471.83 9.1 − − < 8.0 10−3 −
82524.18 10.3 − − < 9.1 10−3 −
82545.73 9.2 − − < 8.1 10−3 −
L1495A-S 82341.52 5.5 − − < 4.4 10−3 −
82367.89 6.0 − − < 4.8 10−3 −
82370.26 6.0 − − < 4.8 10−3 −
82398.38 7.5 − − < 6.0 10−3 −
82398.88 6.2 − − < 4.9 10−3 −
82409.61 5.9 − − < 4.7 10−3 −
82416.75 5.3 − − < 4.2 10−3 −
82455.98 5.5 − − < 4.4 10−3 −
82458.25 5.4 50 0.38 18.9 10−3 2.8 10−3
82471.83 4.9 35 0.49 19.4 10−3 3.0 10−3
82524.18 6.5 − − < 5.2 10−3 −
82545.73 4.3 − − < 3.5 10−3 −
TMC2 82341.52 5.8 − − < 4.7 10−3 −
82367.89 6.2 − − < 4.9 10−3 −
82370.26 6.7 − − < 5.4 10−3 −
82398.38 7.0 − − < 5.6 10−3 −
82398.88 6.9 − − < 5.5 10−3 −
82409.61 6.7 − − < 5.4 10−3 −
82416.75 7.1 − − < 5.7 10−3 −
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Table 4. continued.
Source Frequency rms Tmb ∆v Integrated intensity Error on int. intensity
MHz mK mK km s−1 K km s−1 K km s−1
82455.98 6.6 − − < 5.3 10−3 −
82458.25 6.5 18 0.59 11.3 10−3 3.7 10−3
82471.83 5.8 19 0.67 13.5 10−3 3.7 10−3
82524.18 6.3 − − < 5.1 10−3 −
82545.73 6.0 − − < 4.8 10−3 −
L1521E 82341.52 4.1 − − < 3.2 10−3 −
82367.89 5.5 − − < 4.3 10−3 −
82370.26 5.2 − − < 4.1 10−3 −
82398.38 4.6 − − < 3.6 10−3 −
82398.88 4.6 − − < 3.6 10−3 −
82409.61 5.2 − − < 4.0 10−3 −
82416.75 4.7 − − < 3.6 10−3 −
82455.98 5.0 − − < 3.9 10−3 −
82458.25 5.7 − − < 4.4 10−3 −
82471.83 5.8 − − < 4.6 10−3 −
82524.18 5.5 − − < 4.3 10−3 −
82545.73 4.8 − − < 3.7 10−3 −
L1512 82341.52 6.3 − − < 4.9 10−3 −
82367.89 6.2 − − < 4.9 10−3 −
82370.26 5.6 − − < 4.3 10−3 −
82398.38 6.7 − − < 5.2 10−3 −
82398.88 6.7 − − < 5.2 10−3 −
82409.61 4.8 − − < 3.7 10−3 −
82416.75 6.4 − − < 5.0 10−3 −
82455.98 6.4 − − < 5.0 10−3 −
82458.25 6.0 − − < 4.7 10−3 −
82471.83 5.7 − − < 4.4 10−3 −
82524.18 6.8 − − < 5.3 10−3 −
82545.73 6.2 − − < 4.8 10−3 −
L1517B 82341.52 5.7 − − < 4.4 10−3 −
82367.89 6.5 − − < 5.1 10−3 −
82370.26 5.5 − − < 4.3 10−3 −
82398.38 6.8 − − < 5.3 10−3 −
82398.88 6.8 − − < 5.3 10−3 −
82409.61 5.7 − − < 4.4 10−3 −
82416.75 7.0 − − < 5.4 10−3 −
82455.98 4.6 − − < 3.6 10−3 −
82458.25 5.6 − − < 4.4 10−3 −
82471.83 5.9 − − < 4.6 10−3 −
82524.18 5.5 − − < 4.3 10−3 −
82545.73 5.6 − − < 4.3 10−3 −
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Table 5. Line parameters for CH3OH. The line intensity Tmb, the linewidth ∆v, the integrated intensity were determined from Gaussian fits to the
line. The error is the quadratic sum of the statistical fit error and a calibration error taken as 10% at 3 mm., 15% at 2 mm and 20% at 1 mm.
Source Frequency rms Tmb ∆v Integrated intensity Error on int. intensity
MHz mK K km s−1 K km s−1 K km s−1
L1689B 84521.17 6.2 230 0.45 0.109 0.011
95914.31 3.5 60 0.48 0.030 0.003
96739.36 2.9 2745 0.48 1.392 0.14
96741.38 3.0 3515 0.49 1.834 0.18
96744.55 2.8 620 0.45 0.296 0.030
96755.51 2.9 110 0.44 0.051 0.005
107013.80 4.9 -200 0.46 -0.099 0.010
108893.96 3.1 785 0.49 0.409 0.082
143865.80 45 − − < 0.028 −
145093.71 7.4 515 0.43 0.232 0.035
145097.37 7.8 2680 0.47 1.352 0.24
145103.15 7.3 3025 0.48 1.549 0.232
145126.19 7.1 165 0.41 0.071 0.011
145126.39 7.1 − − < 0.004 −
145131.85 6.8 85 0.41 0.036 0.006
146368.34 8.8 65 0.40 0.026 0.005
157246.06 11 80 0.39 0.033 0.006
157270.85 12 1060 0.50 0.560 0.084
157272.38 13 250 0.46 0.123 0.019
157276.06 13 615 0.48 0.315 0.047
205791.27 222 − − < 0.146 −
254015.34 82 695 0.52 0.382 0.081
261805.71 505 − − < 0.272 −
L1709A 96739.36 43 1925 0.47 0.963 0.098
96741.38 44 2570 0.46 1.259 0.127
96744.55 58 310 0.37 0.121 0.022
96755.51 48 − − < 0.032 −
97582.80 5.5 32 0.62 0.021 0.003
108893.96 9.8 450 0.47 0.226 0.023
143865.80 31 110 0.29 0.033 0.009
145093.71 30 260 0.32 0.088 0.015
145097.37 35 1880 0.43 0.860 0.130
145103.15 36 2055 0.44 0.963 0.097
145126.19 36 120 0.34 0.043 0.012
145126.39 36 − − < 0.022 −
145131.85 34 − − < 0.021 −
157246.06 82 − − < 0.043 −
157270.85 87 735 0.47 0.368 0.061
157272.38 83 − − < 0.044 −
157276.06 88 360 0.38 0.145 0.030
205791.27 133 − − < 0.087 −
254015.34 106 − − < 0.062 −
261805.71 334 − − < 0.194 −
L429 96739.36 48 1470 0.42 0.657 0.068
96741.38 51 1995 0.42 0.892 0.091
96744.55 48 185 0.60 0.117 0.024
96755.51 45 − − < 0.030 −
97582.80 6.6 − − < 0.005 −
108893.96 10 315 0.49 0.165 0.017
143865.80 23 − − < 0.014 −
145093.71 24 125 0.43 0.058 0.012
145097.37 24 1300 0.41 0.567 0.085
145103.15 32 1410 0.42 0.630 0.095
145126.19 25 90 0.31 0.030 0.008
145126.39 25 − − < 0.016 −
145131.85 24 − − < 0.015 −
157246.06 39 − − < 0.021 −
157270.85 43 460 0.51 0.250 0.039
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Table 5. continued.
Source Frequency rms Tmb ∆v Integrated intensity Error on int. intensity
MHz mK K km s−1 K km s−1 K km s−1
157272.38 44 − − < 0.023 −
157276.06 42 190 0.59 0.121 0.022
205791.27 112 − − < 0.073 −
254015.34 47 220 0.51 0.119 0.028
261805.71 245 − − < 0.142 −
L1495AS 95914.31 7.5 60 0.26 0.016 0.003
96739.36 13.2 2030 0.37 0.800 0.080
96741.38 12.3 2425 0.39 1.006 0.100
96744.55 10.1 665 0.33 0.234 0.024
96755.51 9.1 110 0.38 0.045 0.006
97582.80 3.0 70 0.37 0.027 0.003
108893.96 5.9 530 0.36 0.205 0.021
143865.80 21 55 0.32 0.019 0.007
145093.71 23 755 0.26 0.209 0.032
145097.37 25 2495 0.33 0.876 0.132
145103.15 24 2740 0.33 0.962 0.145
145126.19 24 185 0.27 0.053 0.011
145126.39 24 − − < 0.013 −
145131.85 25 115 0.36 0.045 0.010
TMC2 95914.31 8.5 − − < 0.005 −
96739.36 6.5 1015 0.39 0.422 0.042
96741.38 6.8 1350 0.39 0.560 0.056
96744.55 7.8 110 0.41 0.049 0.006
96755.51 6.9 − − < 0.004 −
97582.80 3.8 − − < 0.003 −
108893.96 5.1 170 0.39 0.070 0.008
143865.80 21 − − < 0.011 −
145093.71 21 − − < 0.11 −
145097.37 22 965 0.32 0.329 0.050
145103.15 22 1090 0.31 0.360 0.054
145126.19 22 − − < 0.012 −
145126.39 22 − − < 0.012 −
145131.85 23 − − < 0.012 −
L1521E 95914.31 6.9 − − < 0.005 −
96739.36 6.7 900 0.46 0.442 0.044
96741.38 7.5 1165 0.47 0.583 0.058
96744.55 5.7 130 0.52 0.073 0.008
96755.51 8.1 35 0.45 0.016 0.004
97582.80 3.5 12 0.78 0.010 0.002
108893.96 5.3 255 0.39 0.106 0.007
143865.80 20 − − < 0.012 −
145093.71 20 115 0.30 0.036 0.007
145097.37 22 960 0.36 0.367 0.055
145103.15 18 1135 0.34 0.403 0.061
145126.19 19 70 0.26 0.019 0.006
145126.39 19 − − < 0.011 −
145131.85 20 − − < 0.012 −
156602.41 30 − − < 0.017 −
157246.06 34 − − < 0.019 −
157270.84 31 375 0.37 0.147 0.024
157272.37 33 − − < 0.018 −
157276.06 30 210 0.27 0.060 0.011
L1512 95914.31 5.7 − − < 0.004 −
96739.36 7.6 380 0.33 0.133 0.014
96741.38 6.5 515 0.34 0.186 0.019
96744.55 6.7 40 0.32 0.013 0.003
96755.51 6.2 − − < 0.004 −
97582.80 4.3 − − < 0.003 −
108893.96 4.9 70 0.33 0.026 0.003
143865.80 23 − − < 0.013 −
Article number, page 18 of 20
A. Bacmann and A. Faure: HCO and CH3O in prestellar cores
Table 5. continued.
Source Frequency rms Tmb ∆v Integrated intensity Error on int. intensity
MHz mK K km s−1 K km s−1 K km s−1
145093.70 25 − − < 0.015 −
145097.37 25 485 0.20 0.103 0.016
145103.15 20 510 0.22 0.119 0.018
145126.19 22 − − < 0.013 −
145126.39 22 − − < 0.013 −
145131.86 22 − − < 0.022 −
156602.41 28 − − < 0.016 −
157246.06 31 − − < 0.018 −
157270.84 28 165 0.30 0.053 0.011
157272.37 27 − − < 0.015 −
157276.06 28 − − < 0.016 −
L1517B 95914.31 6.6 − − < 0.005 −
96739.36 7.4 365 0.37 0.143 0.015
96741.38 7.4 485 0.37 0.192 0.019
96744.55 4.7 25 0.33 0.009 0.002
96755.51 6.1 − − < 0.004 −
97582.80 4.0 − − < 0.003 −
108893.96 5.3 55 0.32 0.019 0.003
143865.80 18 − − < 0.010 −
145093.70 18 − − < 0.010 −
145097.37 20 355 0.23 0.087 0.014
145103.15 18 405 0.25 0.108 0.017
145126.19 21 − − < 0.013 −
145126.39 21 − − < 0.013 −
145131.86 20 − − < 0.011 −
156602.41 22 − − < 0.012 −
157246.06 21 − − < 0.012 −
157270.84 24 160 0.24 0.041 0.008
157272.37 23 − − < 0.013 −
157276.06 25 − − 0.014 −
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Appendix A: The “locked dipole “ approximation
Our simple steady-state chemical model (detailed in sections 4.2
and 4.3) is subtantially based on the loss of HCO, H2CO, CH3O
and CH3OH by reactions with H+3 . To the best of our knowl-
edge, the corresponding rate coefficients have not been measured
experimentally. It should be noted that the dipole moments of
these species are quite large: 1.53 D for HCO, 2.33 D for H2CO,
2.12 D for CH3O and 1.67 D for CH3OH (JPL catalog). The rates
are therefore expected to significantly exceed the Langevin rate
of ∼ 10−9 cm3s−1. Several theoretical studies have shown, how-
ever, that the contribution of the ion–dipole interaction is diffi-
cult to estimate (see Faure et al. 2010, and references therein). In
the case of the similar HCN+H+3 reaction, the popular inifinite-
order sudden (IOS) and average-dipole-orientation (ADO) the-
ories were found to underestimate the rate coefficient at low
temperature by large factors (Clary et al. 1985). For such polar
systems withrelatively large rotational constants (B & 1 cm−1),
the “locked dipole” approximation provides better results in the
low temperature regime because the short rotational period al-
lows dipole alignment. Indeed, for a typical rate coefficients
of 5 × 10−8 cm3s−1, one can estimate an interaction time of
tint ∼ 30 ps at 10 K, which is similar or larger than the typi-
cal rotational periods. The locked-dipole formula can be found
e.g. in Eq. (1) of Faure et al. (2010). The corresponding values
for the rate coefficients at 10 K are given in Table 11.
